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Julius Caesar's dictum, "People readily believe what they wish to believe" (De Bello Gallico III, 18) sets the stage for a common assent: because insulin resistance is a prominent feature in heart failure (30, 46) , it is commonly thought that "insulin resistance is a primary etiological factor in the development of nonischemic heart failure" (57) . Furthermore, impaired insulin sensitivity is regarded an "independent risk factor of mortality in patients with stable chronic heart failure" (17) . It has also been proposed that "therapeutically targeting impaired insulin sensitivity may potentially be beneficial in patients with chronic heart failure" (30) . However, when this strategy was deployed using insulinsensitizing agents, it unexpectedly resulted in deleterious effects, including the development of heart failure. First observed in patients receiving the thiazolidinedione rosiglitazone, the authors of a meta-analysis were prompted to issue a warning that "patients and providers should consider the potential for serious adverse cardiovascular effects of treatment with rosiglitazone for type 2 diabetes" (44) .
Insulin Resistance, Lipotoxicity, Glucotoxicity, and Reactive Oxygen Species Production
Insulin resistance is defined as a diminished ability of cells to respond to the action of insulin in transporting glucose from the blood stream into the muscle (49) . The underlying mechanisms are, however, intricate, because both the insulin signaling pathway and the pathways of intermediary metabolism are complex, intricate, and tightly controlled. The continuous emergence of new hypotheses on the exact mechanisms of insulin resistance underlines the still limited understanding of this metabolic disorder.
Considering insulin resistance in heart, a striking observation is that the normal rat heart, when perfused ex vivo at a physiological workload with glucose as the only substrate, is capable of oxidizing glucose and of maintaining normal cardiac work without the help of insulin (54) . In addition, the heart can adapt its glucose metabolism to meet the extra energy demand required by increased workload independent of insulin (7, 16, 21) . In a physiological environment, rates of substrate uptake for glucose and fatty acids match rates of substrate utilization. Also, even when plasma levels of energy providing substrates in the dysregulated state of insulin-resistant diabetes are extremely high, there is only a modest rise in the intracellular concentrations of their intermediary metabolites (26) . On the other hand, in hearts deficient of insulin receptors protein levels of glucose transporter GLUT4 and uptake of the glucose analog 2-deoxyglucose are both increased (8) . So why is it, then, that the heart should be an insulin responsive organ? Why is the failing heart insulin resistant? Why is the heart in diabetes insulin resistant? Impaired insulin-mediated glucose uptake is also a defining feature of the heart in obesity and type 2 diabetes mellitus although changes in upstream kinase signaling are variable and still incompletely understood (1) . Furthermore, it has been shown over and over again that nodal points of the insulin signaling pathway are activated in the heart of insulin-resistant patients and animals (14, 25, 58).
The various mechanisms proposed to explain insulin resistance imply lipotoxicity, glucotoxicity, and the production of reactive oxygen species (ROS). They can be summarized as follows. The inhibition of glucose metabolism by ongoing fatty acid oxidation has some bearing on the crucial role of fatty acids in insulin resistance, as Randle and colleagues (48) originally proposed in 1963 when they wrote, "The high concentration of fatty acids stands in a causal relationship to the abnormalities of carbohydrate metabolism (including, starvation, diabetes and Cushing's syndrome) and suggest that it is a distinct biochemical syndrome, which could appropriately be called the fatty acid syndrome." Inhibition of glucose metabolism by fatty acids oxidation results from the accumulation of allosteric effectors, which primarily inhibit mitochondrial oxidation of pyruvate and secondarily key glycolytic steps, such as phosphofructokinase and hexokinase (see Fig. 1 ) (29) .
Gerald Shulman and colleague (50, 52) questioned this interpretation on the basis of their observation that glucose uptake was more inhibited than glucose oxidation in muscle of type 2 diabetics. The investigators proposed that muscle insulin resistance results from decreased mitochondrial oxidation of fatty acids, leading to the accumulation of fatty acid-derived molecules (diacylglycerol, ceramide), which activate several stress protein kinases and which, in turn, inhibit insulin signaling, particularly at the level of blunting insulin-stimulated insulin receptor substrate 1-associated phosphatidylinositol 3-kinase activity (22, 29, 50, 52) . This inhibits the insulinstimulated translocation of the glucose transporter to the plasma membrane (see Fig. 1 ). Therefore, the ectopic accumulation of fat and lipid derivatives could be the molecular basis of lipotoxicity and mediate insulin resistance. Lipotoxicity also leads to genuine "fatty atrophy" or "metamorphosis," an old concept first described by Virchow (56) a century and a half ago.
More recent observations have questioned this interpretation of impaired fatty acid oxidation as cause for insulin resistance and lipotoxicity and led to a new hypothesis suggesting that excessive oxidation, unmatched by energy demand, rather than deficient fatty acid oxidation induces insulin resistance. It appears that excessive fatty acid oxidation leads to acylcarnitine and ROS production by mitochondria, thus emphasizing the pivotal role of mitochondria in insulin signaling and action (41) . Originally considered a storage depot, the lipid droplet is increasingly recognized as an active participant in many cellular processes (40) . Furthermore, new insights into the "metamorphosis of insulin resistance" have come from the applica- Metabolic regulation in the insulin resistant heart. In the normal heart, the control of substrate supply and demand primarily occurs at the level of the plasma membrane and the mitochondria. In 1963, Randle et al. (48) first described a mechanism of competition between fatty acids and glucose for mitochondrial oxidation that would lead to decreased glucose utilization in the presence of increased fatty acid concentrations (48) (red). Fatty acid-mediated inhibition of glucose utilization stems from the allosteric effects of metabolites whose concentration rise in response to increased ␤-oxidation. At the same time, the activity of phosphofructokinase (PFK), which catalyzes the rate-limiting step in glycolysis, is inhibited by citrate. The resulting increase in glucose 6-phosphate (Glc-6-P) levels in turn inhibits the activity of hexokinase (HK), and rates of glucose uptake are decreased. The mechanism for a reciprocal relation between glucose and fatty acid oxidation was first shown in the heart by McGarry et al. (39) . Increased flux of glucose through the pyruvate dehydrogenase (PDH) complex inhibits ␤-oxidation through an increase in cytosolic malonyl-CoA, which acts as an inhibitor of the carnitine palmitoyltransferase 1 (CPT1) reaction (green). We propose that in the stressed heart, an additional level of control exists to limit excess substrate supply through inhibition of the insulin signaling pathway. As suggested by Shulman (52) , an alternative mechanism for fatty acid-mediated inhibition of glucose uptake exists, in which the accumulation of fatty acid metabolites such as diacylglycerol, fatty acyl-CoA, and ceramides leads to the activation of novel PKC isoforms and to the inhibitory phosphorylation of insulin receptor substrates (IRSs) (purple). Recent studies by James and colleagues (27) and Beauloye and colleagues (5) suggest that both mitochondrial and cytosolic reactive oxygen species (ROS) decrease insulin sensitivity as a way to limit their own production (blue). Both mechanisms may therefore restore substrate homeostasis by decreasing the translocation of the glucose transporter GLUT4, and possibly of the fatty acid transporter CD36, at the sarcolemma. NOX2, NADPH oxidase 2; PI3K, phosphatidylinositol 3-kinase; FATP, fatty acid transport protein; ACL, ATP citrate lyase; ACC, acetyl-CoA carboxylase; Fru-1,6-P2, fructose-2,6-bisphosphatase.
tion of metabolomics technologies. Based on data reviewed by Newgard (43) , branched chain amino acids and related metabolites synergize with lipids to promote insulin resistance in muscle (see Fig. 1 ). However, the mechanisms behind the decreased ability of insulin to facilitate glucose uptake in insulin responsive tissue is also still not completely clear (15) . ROS, which are produced by both mitochondria and by NADPH oxidases in the cytosol, are major contributors to insulin resistance. Increased ROS production by mitochondria inevitably follows fuel overload unmatched by physical activity, or in biochemical terms, imbalance between increased mitochondrial membrane potential and insufficient ATP demand, leading to increased ROS production at the level of complexes I and III of the mitochondrial respiratory chain (29) . Impairment of mitochondrial oxidative capacity, which is a hallmark of established type 2 diabetes, is not an early event in the development of insulin resistance but rather follows increased ROS production in muscles of diet-induced diabetic mice (9) . Interestingly, inhibition of mitochondrial ROS production reverses insulin resistance, which is regarded as an antioxidant defense mechanism (27) . Lastly, incubation of isolated cardiomyocytes with excess glucose stimulates the nonmitochondrial production of ROS by NADPH oxidase via a mechanism that is not dependent on glucose metabolism and leads to insulin resistance within 24 h (5). This high glucoseinduced insulin resistance may be considered a protective mechanism against glucotoxicity (5) (see Fig. 1 ). In the long term, glucotoxicity also includes glucose-induced insulin resistance due to increased O-linked glycosylation of proteins in the insulin signaling pathway (38) and advanced glycation end-product production, which maintain and worsen ROS formation (60) . More recently, we have implicated enhanced glycolytic flux and glucose 6-P accumulation in load-induced mammalian target of rapamycin activation and endoplasmic reticulum stress as causes of contractile dysfunction in the mammalian heart (51). At first glance, these results appear to contradict the findings by Ronglih and coworkers (36) who have shown that cardiac-specific overexpression of the insulinindependent glucose transporter GLUT1 does not compromise cardiac function after induction of pressure overload by ascending aortic constriction (36) . However, the enhanced rates of glucose uptake were probably coupled to enhanced rates of glucose oxidation (not measured) preventing the accumulation of glycolytic intermediates (also not measured). In the same model, combined with diet-induced obesity, however, the inability to upregulate fatty acid oxidation resulted in increased oxidative stress, activation of p38 nitrogen-activated protein kinase and contractile dysfunction (59) . Although insulin responsiveness was not tested, fuel overload appears to be causally related to cardiac contractile dysfunction in this model.
Irrespective of the mechanisms for insulin resistance in the heart, we offer this hypothesis: if insulin resistance can be regarded as a protection against fuel overload, insulin itself is not deleterious. The culprit is a combination of fuel overload with increased levels of insulin in the circulation.
Central Hypothesis
Our central hypothesis is that insulin modulates myocardial substrate metabolism and that insulin resistance protects the heart muscle from being flooded with excess amounts of fuel (26, 29) . This hypothesis is based on at least three lines of evidence: biochemical evidence, physiological observations, and anecdotal reports. Essential to all three is an imbalance between increased substrate uptake and limited or incomplete substrate oxidation in the mitochondria (35, 52) , which once established and maintained, results in the development of glucolipotoxicity (60) . Glucolipotoxicity is defined as a cellular response to an environment in which both glucose and fatty acid availability is high (60) . The term was first used for metabolic derangements causing dysfunction of the pancreatic ␤-cell (47).
The biochemical evidence for cardioprotection by insulin resistance is probably the strongest of the three lines of evidence. First, there is a striking decrease in interstitial dispersion of insulin in skeletal muscle with diet-induced obesity (34) . Second, and perhaps also most important, energy providing substrates inhibit each other before they enter their respective oxidative pathways (54), as recently reviewed by us (29) (see Fig. 1 ). Fatty acids inhibit glucose oxidation more than they inhibit glycolysis and inhibit glycolysis more than glucose uptake (48) . Vice versa, glucose (via malonyl-CoA) inhibits fatty acid oxidation at their entry into the mitochondria (39) . We see these control nodes as cytoprotective mechanisms preventing the excessive use of oxidizable substrates that could lead to uncontrolled oxidative stress and irreversible cellular damage. A large number of genetic models overexpressing metabolic regulators in heart muscle with the consequence of "lipotoxicity" support this line of reasoning (4, 10, 12, 19, 20, 24, 45) .
The physiological evidence for cardioprotection by insulin resistance is suggested by a downregulation of coronary blood flow during insulin infusion (32) in patients with type 2 diabetes and a decrease in myocardial perfusion reserve in response to increased plasma glucose levels in patients with type 1 diabetes (53). This downregulation occurs in contrast to nitirc oxide-mediated upregulation of forearm blood flow by insulin (6) . In a rat model of myocardial infarction induced by coronary artery ligation, the consumption of a high-fat diet has been linked to preserved contractile function despite a marked reduction of insulin signaling in the heart of these animals (13) . Ex vivo, metabolic and contractile function of the heart stressed by an acute increase in workload was also improved when myocardial insulin resistance was induced by feeding rats a high-sucrose diet though tighter coupling of glucose uptake (reduced) and oxidation (increased) (25) .
Third, there is the obesity paradox. The obesity paradox is a clinical phenomenon that draws attention to the fact that the survival of obese or overweight patients admitted with an acute cardiovascular event is better than in patients who are of normal or below normal weight (3, 28) . The term is very appealing to those who point out that both Queen Victoria (1819 -1901) and Sir Winston Churchill (1874 -1965) were obese and lived well beyond their 80s, although none of the studies confirming the obesity paradox were designed as prospective studies (23) . Unger and Scherer (55) have now provided a new perspective on the role of adipose tissue in fuel homeostasis and tissue function. We are inclined to use their metaphor that adipose tissue "loads up with excess fuel, whereas it unloads other organs from the burden of excess fuel."
Clinical Implications
To restate our central hypotheses, 1) insulin resistance protects the heart from fuel overload and 2) insulin resistance is a marker (rather than a mediator) of premature death and disability from heart disease. We propose that the primary strategy for the treatment of insulin resistance in heart failure patients must involve a reduction in substrate supply rather than an increase in substrate uptake and oxidation by peripheral organs, including the heart. It is of note that metformin, which suppresses hepatic glucose production, lowers mortality in heart failure patients with diabetes when compared with sulfonylurea or insulin-sensitizing treatment (2, 18) . In contrast to the prevailing notion that the failing heart is an "engine out of fuel" (42), we consider the failing heart an organ flooded with fuel, whereas the myocyte is unable to convert the excess chemical energy to mechanical energy. Curbing the excess energy stresses the mitochondria (35) . Agents lowering substrate supply may indeed be more effective in reversing metabolic and contractile dysfunction of the heart than agents promoting substrate utilization.
Besides metformin, which inhibits hepatic glucose production, other measures or agents of potential benefit for a "fuel flooded" heart include diets low in calories from both fat and carbohydrates, drugs slowing gastric emptying glucagon like peptide 1 and its analogs, or dipeptidylphosphatase 4, inhibitors, inhibitors of the renal sodium-glucose transporter 2 inhibitors, or other inhibitors of gluconeogenesis and hepatic glucose production (glucagon antagonists) (31, 37) . We have recently reviewed the effects of bariatric surgery in lowering nutrient overload (33) . The list is certainly incomplete and may need to be amended.
Conclusions
Insulin resistance protects the heart for several reasons. Here we have presented evidence in support of the hypothesis that the heart protects itself from the consequences of fuel overload in the dysregulated metabolic state of obesity and diabetes through distinctly different mechanisms offering several layers of defense mechanisms. The defense mechanisms are best described as insulin resistance. We propose that in the heart, insulin-sensitizing agents result in a breakdown of the defenses leading to cytotoxic damage. In contrast, a normalization of fuel supply should either prevent or reverse the process. This is a new perspective to a vexing physiological and clinical problem.
ACKNOWLEDGMENTS
This hypothesis is based on a lecture presented on July 19, 2010, at WorldPharma 2010 in Copenhagen, Denmark. We thank Roxy A. Tate for expert editorial assistance.
GRANTS
This work was supported by National Heart, Lung, and Blood Institute Grant HL-061483 (to H. Taegtmeyer) and by grants from the American Heart Association (to R. Harmancey) and by the Belgian Fonds National de la Recherche Scientifique (to C. Beauloye).
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s). 
AUTHOR CONTRIBUTIONS

